We explore the impact of ultraviolet (UV) radiation from massive Population III (Pop III) stars of 25, 40, 80, and 120 M ⊙ on the subsequent Pop III star formation. In this paper, particular attention is paid to the dependence of radiative feedback on the mass of source Pop III star. UV radiation from the source star can work to impede the secondary star formation through the photoheating and photodissociation processes. Recently, Susa & Umemura (2006) have shown that the ionizing radiation alleviates the negative effect by H 2 -dissociating radiation from 120M ⊙ PopIII star, since an H 2 shell formed ahead of an ionizing front can effectively shield H 2 -dissociating radiation. On the other hand, it is expected that the negative feedback by H 2 -dissociating radiation can be predominant if a source star is less massive, since a ratio of the H 2 -dissociating photon number to the ionizing photon number becomes higher. In order to investigate the radiative feedback effects from such less massive stars, we perform three-dimensional radiation hydrodynamic simulations, incorporating the radiative transfer effect of ionizing and H 2 -dissociating radiation. As a result, we find that if a source star is less massive than ≈ 25M ⊙ , the ionizing radiation cannot suppress the negative feedback of H 2 -dissociating radiation. Therefore, the fate of the neighboring clouds around such less massive stars is determined solely by the flux of H 2 -dissociating radiation from source stars. With making analytic estimates of H 2 shell formation and its shielding effect, we derive the criteria for radiation hydrodynamic feedback depending on the source star mass.
INTRODUCTION
The reionization and metal enrichment of the universe are thought to begin with the formation of first metal-free (Pop III) stars (Gnedin 2000; Ciardi et al. 2001; Cen 2003; Sokasian et al. 2004) . Hence, the formation rate of Pop III stars is crucial for the subsequent structure formation in the universe. The Pop III objects are expected to collapse at 20 z 30, forming a minihalo with a mass of ≈ 10 6 M⊙ and an extent of ≈ 100pc (Tegmark et al. 1997; Fuller & Couchman 2000; Yoshida et al. 2003) . In the course of bottom-up structure formation, such Pop III minihaloes merge to form first galaxies at z 10, having the virial temperature Tvir 10 4 K and the mass 10 8 M⊙. Even in the evolution of first galaxies, Pop III stars can play a significant role, since an appreciable number of stars may form from metal-free component in interstellar gas (Tornatore et al. 2007; Johnson et al. 2008) .
The formation of very first stars has been investi-⋆ E-mail: hasegawa@ccs.tsukuba.ac.jp (KH); umemura@ccs.tsukuba.ac.jp (UM); susa@konan-u.ac.jp (HS) gated intensively in the last decade. Many studies have come to a similar conclusion that such stars form in a top-heavy mass function with the peak of ≈ 100M⊙ (e.g., Abel, Bryan & Norman 2000; Bromm, Coppi & Larson 2002; Nakamura & Umemura 2001; Yoshida et al. 2006) . Recently, O'Shea & Norman (2007) have shown that the variations of cosmological density fluctuations allow the mass of Pop III stars to be down to ∼ 20M⊙.
On the other hand, the secondary Pop III star formation has been investigated recently. The formation of secondary stars is subject to various feedback effects by first stars. One of them is the supernova (SN) feedback through mechanical and chemical effects. The negative feedback by SNe is the evaporation of neighboring clouds, since the SN shock heats up the gas in clouds. On the hand, SNe can bring positive feedback through the compression by shock and the cooling by ejected heavy elements. The secondary star formation can be promoted by such positive feedback effects Bromm et al. 2003 ; Kitayama & Yoshida 2005; Greif et al. 2007) . Another important feedback effect is brought by the ultraviolet (UV) radiation from first stars, since they are very luminous at ultraviolet band. First stars photoionize and photoheat the surrounding media, and also photodissociate H2 molecules, which are the main coolant of primordial gas. The radiative feedback from first stars is the primary feedback until first stars end the life-time of ∼ 10 6 yr with SNe. The photodissociation of H2 molecules leads to a negative radiative feedback effect, which has been studied by many authors so far. Omukai & Nishi (1999) investigated the effect of H2-dissociating radiation from a single Pop III star residing in a virialized halo. They found that if the halo is uniform, H2 molecules in the halo are totally dissociated, so that the gas cannot collapse to form stars. Glover & Brand (2001) considered more realistic clumpy halos. They found that if the gas density is sufficiently high, photodissociation process proceeds slower than the collapse of the cloud. Hence, the cloud can form stars. This result is confirmed by the recent 3D radiation hydrodynamic simulation by Susa (2007) including the effects of hydrodynamics as well as the radiation transfer of H2-dissociating radiation. The feedback effects by diffuse H2-dissociating radiation can be important after the local feedback in minihaloes (Haiman, Rees & Loeb 1997; Machacek, Bryan & Abel 2001; Yoshida et al. 2003; .
These works basically focused on the photodissociation effects. We also have to take into account the effects of ionizing photons. Ionizing radiation heats up the gas through the photoionization processes. The temperature of photoheated gas is kept to be around 10 4 K, owing to the balance between the radiative cooling and photoheating. If the gravitational potential of star forming halos are not so deep as to retain the photoheated gas, the heated gas evaporates from the halos (e.g., Susa & Umemura 2004a,b; Yoshida et al. 2007b; Wise & Abel 2008; Whalen et al. 2008) . However, the case in which ionizing radiation is coupled with H2-dissociating radiation is complex. When an ionization front (I-front) propagates in a collapsing core, the enhanced fraction of electrons catalyzes H2 formation (Shapiro & Kang 1987; Kang & Shapiro 1992; Oh & Haiman 2002) . In particular, the mild ionization ahead of the I-front generates an H2 shell, which potentially shields H2 dissociating photons (Ricotti, Gnedin, & Shull 2001) . This mechanism is likely to work positively to form Pop III stars. On the other hand, the I-front can be accompanied with a shock for an optically-thick cloud (Susa & Umemura 2006) . The shock affects significantly the collapse of cloud. This is a totally radiation hydrodynamic (RHD) process. Such radiation hydrodynamic feedback has been investigated by 1D spherical RHD simulations (Ahn & Shapiro 2007) , 2D cylindrical RHD simulations (Whalen et al. 2008) , and 3D RHD simulations (Susa & Umemura 2006) . The results by 2D and 3D simulations are in good agreement with each other. It is found that ionizing radiation can bring positive feedback through the formation of H2 shell. Susa & Umemura (2006) investigated RHD feedback by a 120M⊙ source star, and Susa, Umemura & Hasegawa (2008) derived the feedback criterion. However, if a source star is less massive, the relative intensity of H2-dissociating radiation to ionizing radiation increases. Then, the feedback tends to be more negative. In fact, the mass of first stars might be some 10M⊙ owing to the variations of cosmo- Greif & Bromm 2006; Yoshida, Omukai & Hernquist 2007a) . Also, the elemental abundance patterns of hyper-metal-poor stars well match the yields by supernova explosions with a progenitor mass of ∼ 25M⊙ (Umeda & Nomoto 2003; Iwamoto et al. 2005) . The RHD feedback effects by Pop III stars less massive than 100M⊙ have not been investigated so far, and no criterion has not been derived. In this paper, we perform 3D RHD simulations in order to investigate the radiative feedback effects from Pop III stars with various masses. We derive the criteria for the collapse of cloud cores irradiated by a neighboring Pop III star with 25,40,80, or 120M⊙. In §2, the simulation code and procedure are described. The simulation results are presented in §3. Finally, we summarize the conclusions in §4.
SIMULATION CODE AND PROCEDURE
We perform RHD simulations with a 3D Radiation-SPH code developed by ourselves. In the code, we treat selfconsistently the gravitational force, hydrodynamics, the radiative transfer of UV photons, non-equilibrium chemistry for e − , H + , H, H − , H2, and H + 2 . We use the chemical network solver in Kitayama et al. (2001) as well as the radiative transfer solver described in Susa (2006) . For the shielding by H2 molecules against H2-dissociating radiation at LymanWerner (LW) band (11.26-13.6 eV), we employ the selfshielding function introduced by Draine & Bertoldi (1996) . The opacity against LW band flux (FLW) is calculated by
where FLW,0 is the incident flux, NH 2 ,14 is the H2 column density in units of 10 14 cm −2 , and
In this paper, we simulate the evolution of a purely baryonic primordial cloud, according with the model by Susa & Umemura (2006) . The cloud is initially uniform with the density of nH = 14cm −3 , and has the mass of M = 8.3 × 10 4 M⊙. The initial chemical compositions are assumed to be the cosmological compositions provided by Galli & Palla (1998) . Before the UV irradiation, the cloud contracts self-gravitationally to form a collapsing core. As for the core temperature Tc, we employ two models. One is a high temperature model, and the other is a low temperature model. By changing the initial temperature of the clouds Tini, we realize such core temperatures. As shown in Fig. 1 , if we set Tini = 100K, the core temperature becomes Tc ∼ 300−400K at core density nc 10 2 cm −3 . On the other hand, if the initial temperature is set to be Tini = 350K, the cloud core cools below Tc ∼ 200K, since H2 molecules are rapidly formed owing to the high initial temperature (see Fig.1 ). Another difference between two models is the ratio of gravitational energy W to internal energy U , because it is dependent on the initial temperature. The |W |/U ratio is ≈ 4 for the low initial temperature (high Tc) model, while the |W |/U ratio is ≈ 2 for the high initial temperature (low Tc) model.
We ignite a source star when the density of cloud core exceeds a certain value non. The source star is placed D pc away from the center of cloud core. We change the mass of source star in the range of 25M⊙ M * 120M⊙. The properties of source stars as the effective temperature of star T eff , the number of ionizing photons emitted per secondṄion, and the luminosity at LW band are taken from Schaerer (2002) , which are summarized in Table 1 . Note that we do not consider the lifetimes of source stars in this paper, since we focus on elucidating the RHD feedback before SN explosions.
Numerical runs are characterized by the parameters D, non, and M * . The simulations are performed until t end = 2t ff , where t ff is the free-fall time determined by non. If the density of cloud core exceeds 5 × 10 5 cm −3 before t end , we stop the calculation, since the cloud is expected to keep collapsing. In order to clarify the effects of the ionizing radiation, we also perform the simulations artificially disregarding ionizing radiation but still including LW radiation, and the results are compared with those of normal simulations. The number of SPH particles handled in our simulations is 262,144 for all runs.
The present simulations are mainly carried out with a novel hybrid computer system in University of Tsukuba, called FIRST simulator, which has been designed to simulate multi-component self-gravitating radiation hydrodynamic systems with high accuracy (Umemura et al. 2007 ). The FIRST simulator is composed of 256 nodes with dual Xeon processors, and each node possesses a Blade-GRAPE board, on which GRAPE-6 chips, that is, the accelerator of gravity calculations, are implemented. The peak performance of FIRST simulator is 36.1 Tflops. The results with and without ionizing radiation are shown by solid and dashed lines, respectively. The magenta, blue, red, green, and black lines show the gas temperature(K), number density (cm −3 ), electron fraction, H 2 column density from the source star in units of 10 14 cm −2 , and the H 2 fraction, respectively.
TYPICAL RESULTS
In this section, we show the typical evolution of clouds. For a high core temperature model (Tc ∼ 300 − 400K), the time evolution of density profiles along the symmetry axis is shown in Fig. 2 , where the set-up parameters are M * = 80M⊙, non = 10 3 cm −3 , and D = 40pc. In this figure, the results with ionizing radiation are compared to those without ionizing radiation. In the simulation with ionizing radiation, the density of cloud core keeps increasing, and the density exceeds the limit (5 × 10 5 cm −3 ) due to the run-away collapse at 3.4Myr after the ignition of the source star. On the other hand, in the simulation without ionizing radiation, the gravitational contraction of cloud core is stopped by the thermal pressure, and eventually a hydrostatic core forms.
Various physical quantities along the symmetry axis at 1Myr are shown in Fig. 3 . If ionizing radiation is included, a dense shell forms ahead of the ionization front (I-front) . The H2 molecule fraction is raised up to a level yH 2 ≈ 10 −5 in the shell, so that H2 column density exceeds 10 14 cm −2 . Owing to the self-shielding of LW band radiation by the shell, the H2 fraction in the cloud core is increased, compared to the case without ionizing radiation. Eventually, the enhanced H2 cooling allows the core to undergo the run-away collapse. On the other hand, unless ionizing radiation is included, LW band radiation from the source star reduces the H2 fraction, so that the cloud core is settled in a hydrostatic configuration. This mechanism is basically the same as that found by Susa & Umemura (2006); Susa, Umemura & Hasegawa (2008) in the case of M * = 120M⊙ .
In Fig. 4 and Fig. 5 , the results in the case of M * = 25M⊙ are shown, where non = 10 3 cm −3 . Here, the source distance is set to be D = 14pc so that the LW band flux toward the cloud core should be the same as that in the case of M * = 80M⊙, whereas the flux of ionizing radiation is about 0.75 times weaker than that in the M * = 80M⊙ case. As shown in Fig. 4 , the cloud fails to collapse and a hydrostatic core forms, notwithstanding the presence of ionizing radiation. Similar to the case of M * = 80M⊙, the H2 fraction ahead of the I-front is enhanced associated with a dense shell. However, the H2 column density of the shell is not high enough to shield the H2 dissociating photons. Thus, the H2 fraction at the cloud core stays as low as yH 2 ≈ 10 −6 , which is the almost same level in the case without ionizing radiation. Thus, in this lower stellar mass case, the ionizing radiation cannot suppress the negative feedback. In Fig. 6 and Fig. 7 , the results for the low core temperature model (Tc ∼ 200K) are shown. In these simulations, the parameters are set to be M * = 80M⊙, D = 40pc, and non = 10 3 cm −3 . As shown in Fig. 6 , the cloud fails to collapse, despite the presence of ionizing radiation. However, the reason for the failure is different from the M * = 25M⊙ case. It can be seen in Fig. 7 that the shielding effect raises the H2 column density, compared to the case with no ionizing radiation. In this low core temperature model, hydrogen molecules are strongly destroyed by the LW radiation, and the H2 fraction decreases to yH 2 ≈ 10 −8 . Since the core radius is smaller for the low core temperature, the selfshielding for LW radiation by the core is weaker.
CRITERIA FOR RADIATIVE FEEDBACK

Numerical Criteria
In Fig. 8 allow the clouds to collapse if the conditions for D and non are satisfied. However, in the case of M * = 25M⊙, ionizing radiation does not help the clouds to collapse, but the fate of clouds is determined solely by H2-dissociating radiation. Hence, we conclude that the critical stellar mass below which ionizing radiation cannot extinguish the negative feedback by photodissociation is M * ∼ 25M⊙. In Fig. 9 , the numerical results are summarized for a low core temperature model (Tc ∼ 200K). The tendency is qualitatively the same as the results for Tc ∼ 300 − 400K. But, the regions of the collapse with the aid of ionizing radiation (triangles) are obviously narrower, and in wider regions the clouds fail to collapse. These results basically originates in the fact that the radius of cloud core is smaller, compared to a high core temperature model with Tc ∼ 300 − 400K. For the smaller core radius, H2-dissociating radiation is liable to permeate and suppress the core collapse. However, the critical stellar mass, M * ∼ 25M⊙, below which ionizing radiation cannot extinguish the negative feedback by photodissociation, is almost the same as that in the case with Tc ∼ 400K. This fact means that the critical stellar mass does not depend sensitively on the cloud core temperature. As a result, we conclude that the critical stellar mass below which ionizing radiation is not important is M * ∼ 25M⊙.
Analytic Criteria
Here, we make analytic estimation of the feedback criteria. Susa (2007) explored the photodissociation feedback of a Pop III star with 120M⊙ on a neighboring prestellar core by RHD simulations which dose not include ionizing radiation. Susa (2007) has found that a condition for the collapse of a neighboring core is approximately determined by t dis = t ff , where t dis is the photodissociation timescale in the core and t ff is the free-fall timescale. Using the condition, the critical distance D cr,d , below which a neighboring core fails to collapse, is given by
where LLW, nc, and Tc are the LW luminosity of source star, the number density of core, and the temperature of core, respectively. This equation involves the self-shielding effect by the core. The dependence on the core temperature basically originates in the core radius (∝ T
1/2 c
) and the H2 formation rate in the core (∝ Tc). Hence, the self-shielding effect is weaker for the lower core temperature. As argued in Susa (2007) , the boundary between the collapses regardless of ionizing radiation (circles) and with the aid of ionizing radiation (triangles) in Fig. 8 can be roughly explained by D cr,d in the case with M * = 120M⊙. In addition, as shown in Figs. 8 and 9, D cr,d gives a good estimate for less massive source star cases. However, as shown in Figs. 8 , the boundary for the high core temperature model is slightly lower than this analytic estimate. This disagreement can be understand by the dynamical effect of the collapsing clouds Susa 2007) . The actual dynamical contraction is faster for the high core temperature model, since the ratio of gravitational energy to internal energy is higher (|W |/U ≈ 4) as described in §2. Then, the H2 fraction in the core recovers rapidly, during the adiabatic compression phase. Hence, the core can keep collapsing, even if the photodissociation timescale is shorter than the free-fall timescale (t dis < t ff ) when the cloud irradiated by UV. As a result, the criterion is reduced to f dyn D cr,d by a dynamical factor f dyn . Compared to the numerical results, we find f dyn ≈ 0.4 for the high core temperature model. On the other hand, for the low core temperature model, the dynamical effect is not so strong because of |W |/U ≈ 2, and therefore f dyn ≈ 1. Furthermore, if the ionizing radiation is included, we should incorporate the shielding effect by an H2 shell. Here, we derive a new criterion including the this effect. Since a cloud collapses in a self-similar fashion before UV irradiation, the density profile of outer envelope in the cloud is expressed as n(r) = nc " rc r
where rc is the core radius which roughly corresponds to the Jeans scale;
where kB denotes the Boltzmann constant and mp denotes the proton mass. Assuming that the thickness of the H2 shell is determined by the amount of ionized gas in the envelope and the H2 fraction in the shell is constant, the H2 column density of the shell N H 2 ,sh is given by
where D sh , and y H 2 ,sh are the distance between the cloud core and the H2 shell, and the H2 fraction in the shell, respectively. Here, D sh is set to be the position where the number of recombination per unit time in the ionized region around a source star balances with the number rate of incident ionizing photons, since the H2 shell appears ahead of ionization front. Hence, D sh satisfies
where αB is the recombination coefficient to all excited levels of hydrogen. Using equation (6) and (7), we obtain
Because of the intense LW radiation, the H2 at the shell is in chemical equilibrium. Therefore, y H 2 ,sh is given by
where y e,sh is the electron fraction at the H2 shell and k H − is the reaction rate of H − process. In this case, we should consider the self-shielding effect by the shell itself. As a result, these rates are
where T sh and F LW,sh are the temperature at the shell, and the LW flux from the star in the absence of shielding effect,
In addition, fs is the selfshielding function given by (2). Combining equations (8)- (11) 
Notice that N H 2 ,sh is determined solely by the ratio of Nion to LLW, and strongly depends on the ratio. In the above numerical results, it is shown that the critical stellar mass does not depend sensitively on the cloud core temperature. This fact is consistent with equation (13), in which the H2 column density of shell is independent of the core temperature Tc.
Multiplying LLW in equation (3) by f s,sh ≡ fs " N H 2 ,sh
, we obtain the critical distance as
in which both shielding effects by the core and the H2 shell are taken into account. In particular, when N H 2 ,sh > 10 14 cm −2 , the critical distance can be expressed as
In Fig. 8 and Fig. 9 , triangles are the collapse with the aid of an H2 shell. Therefore, the boundary between the triangles and the crosses should be compared with D cr,sh . According to equation (13) 
CONCLUSIONS AND DISCUSSION
We have carried out RHD simulations to investigate the impact of UV radiation from a Pop III star on nearby collapsing cores. In particular, our attention has been paid to the dependence of UV feedback on the mass of Pop III star. The radiation hydrodynamic evolution of cloud core is determined by not only H2-dissociating radiation but also ionizing radiation. As a result, we have found the critical stellar mass M * ≈ 25M⊙, above which an H2 shell ahead of ionizing front can help clouds to collapse. Owing to the fact that H2-dissociating radiation becomes predominant for less massive source stars, the critical distance for the collapse of a neighboring core does not so strongly depend on the mass of source star. Also, we have derived analytically the feedback criterion, f dyn D cr,sh , where D cr,sh is given by (14) and f dyn is a dynamical factor dependent on the the ratio of gravitational energy W to internal energy U of collapsing cloud. We have found f dyn ≈ 0.4 for |W |/U ≈ 4, and f dyn ≈ 1 for |W |/U ≈ 2. Since f dyn is dependent on |W |/U , a dark matter (DM) halo can influence the feedback criterion to a certain degree. In order to assess the effects of DM, we have calculated several models with a static NFWtype dark matter halo potential (Navarro, Frenk & White 1997) with Mvir = 4.15 × 10 5 M⊙ and rvir = 160pc. In these runs, the ratios of DM mass (MDM) to baryonic mass (M b ) at the central regions of r < 10pc are MDM/M b ≃ 0.3 for non = 10 3 cm −3 , and MDM/M b ≃ 1 for non = 10 2 cm −3 . As a result, we have found that the feedback criterion in the form of f dyn D cr,sh turns out to be still valid, and f dyn becomes smaller by a factor of 1.2 for non = 10 3 cm −3 and by a factor of 2 for non = 10 2 cm −3 . Therefore, our main results are not changed so much by including DM. Note that the DM density evolution is not treated consistently with the gas dynamics in these simulations. If the DM dynamics is solved with the evolution of gas clouds, the evolutionary path of core temperature might be changed. Hence, for a more quantitative argument, the self-consistent treatment of dark matter would be requisite.
In this paper, we have not considered the lifetime of source stars. The lifetime of Pop III star is 2.5 × 10 6 yr for 120M⊙, 3.0 × 10 6 yr for 80M⊙, 3.9 × 10 6 yr for 40M⊙, and 6.5×10
6 yr for 25M⊙ (Schaerer 2002) . If the lifetime of source star is shorter than the free-fall time determined by non, the feedback may be significantly changed before the cloud collapse. The density in which the free-fall time equals the stellar lifetime is non = 419cm −3 for 120M⊙, non = 293cm
for 80M⊙, non = 178cm −3 for 40M⊙, and non = 64cm for 25M⊙. Below these densities, arguments including the effects from the stellar lifetime are requisite.
The fate of Pop III stars depends on the mass (Heger & Woosley 2002; Heger et al. 2003) . Pop III stars with 120M⊙ or 80M⊙ may result in direct collapse to black holes (BHs), while those with 40M⊙ or 25M⊙ may undergo Type II supernova explosions. In the case of direct BH formation, UV source disappears abruptly, and then alreadyformed H2 ). In the case of Type II SN explosions, shockdriven hydrodynamic feedbacks could be significant
